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Abstract—In this paper, an 8×8 Multiple Input Multiple 
Output (MIMO) antenna design for Fifth Generation (5G) sub-
6GHz smartphone applications is presented. The antenna 
elements are based off a folded quarter wavelength monopole 
that operate at 3.4-3.8GHz. Isolation between antenna elements 
is provided through physical distancing. The fabricated antenna 
prototype outer casing is made from Rogers R04003C with 
dimensions based on future 5G enabled phones. Measured 
results show an operating bandwidth of 3.32 to 3.925GHz (S11 < 
-6dB) with a transmission coefficient < -14.7dB. A high total 
efficiency for an antenna array is also obtained at 70-85.6%. The 
design is suitable for MIMO communications exhibited by an 
Envelope Correlation Coefficient (ECC) < 0.014. To conclude a 
Specific Absorption Rate (SAR) model has been constructed and 
presented showing the user’s effects on the antenna’s S-
parameter results. Measurements of the amount of power 
absorbed by the head and hand during operation have also been 
simulated. 
Keywords—5G communications, Isolation, MIMO, mobile 
antenna, smartphone applications, SAR analysis 
I. INTRODUCTION 
The need for mobile communication systems which are 
capable of providing higher throughput is ever increasing. 
This has become a major factor considered in Fifth Generation 
(5G) mobile communication. Multiple Input Multiple Output 
(MIMO) technology encompass this with the ability to 
increase data throughput using spatial multiplexing for a given 
bandwidth and transmit power. Through MIMO there is also 
the added benefit of increasing the reliability of the link using 
spatial diversity.  
However, with the use of MIMO comes the addition of 
more antenna elements spaced within the relatively small 
volume of a phone. Due to the proximity of each antenna 
element, isolation can become a factor which significantly 
degrades the MIMO performance of the antenna system if 
individual elements are not decoupled sufficiently. To ensure 
high channel capacity in MIMO communication, isolation 
results of 15dB are needed [1]. It therefore becomes a trade-
off in design between an increase in channel capacity and the 
degradation of isolation. It is apparent in antenna designs that 
using four antenna elements provides sufficient isolation but 
limits the channel capacity [2]-[4]. Whereas current designs 
with ten or twelve antenna elements have insufficient isolation 
for MIMO communication but plentiful channel capacity [5], 
[6]. The compromise of these factors appears to indicate eight 
elements is the ideal solution at this time, providing sufficient 
isolation and high channel capacity [2],[7]-[9]. 
A variety of methods have been employed in similar 
published papers with the aim of decoupling compact antenna 
elements [10]. One such method that has increased in 
popularity recently is the neutralization line. Whilst offering 
good isolation over a narrow bandwidth [11], a precise anti-
phase current must be created by the neutralization line to 
cancel out the coupling current that exists between the two 
antenna elements [12].  
Lumped elements have also been used to increase isolation 
by altering impedance matching. However, because elements 
have tolerances on their values, a deviation in performance 
between each fabrication of the antenna design occurs. The 
other disadvantage of this method is the reduction in total 
efficiency due to the insertion losses of these elements 
[13][14]. 
Defected ground plane structures have also appeared in 
work that aims to improve the isolation between closely 
spaced antenna elements by creating a filtering effect. 
However, as the ground plane is shared between antenna 
elements it is unfavourable for implementation as well as the 
complexity in fabricating these intricate designs [15]. 
Despite the allocation of a large bandwidth to the mm 
wave region, which covers 20GHz to 80GHz, the sub-6GHz 
region is where the majority of 5G mobile communication will 
take place. This is because the mm wave region suffers major 
path loss in urban environments which prevents 
communication much beyond line of sight. Within the sub-
6GHz region, a large portion of countries (spanning Europe, 
USA and Asia) have specific 5G allocations around 3.4-
3.8GHz. For a cellular device to communicate in these 
countries an adequate bandwidth is needed to satisfy this 
requirement.  
Following on from these findings, in this paper an 8x8 
MIMO antenna system has been designed to operate between 
3.4-3.8GHz which utilizes physical separation in order to 
obtain high antenna efficiencies, maintain good isolation 
between antenna elements and ensure high throughput by 
maximizing the number of antenna elements placed onto the 
phone. The antenna elements are placed on the outer rim of 
the phone to preserve the low profile of the design and 
maximize the space available inside the phone [16]. This also 
leads to a simplified fabrication process as the ground plane is 
unaltered.  
II. PROPOSED ANTENNA DESIGN AND CONFIGURATION  
The antenna elements are positioned on the outer rim of 
the phone. The dimensions of the phone used in this design 
are based off current and past phone dimensions which have 
been trended over time to give predictions of 5G phone sizes 
in the upcoming years. This gave dimensions of 159mm × 
75.1mm × 8.41mm which are shown in Fig. 1. The rim of the 
phone is made from the substrate Rogers RO4003C with 
thickness of 1.524mm. RO4003C has a dielectric constant of 
3.55 with a dissipation factor of 0.0021 at 2.5 GHz. All four 
sides of the phone are placed on the perimeter of the ground 
plane which has the same dimensions as the phone but with a 
depth of 0.035mm. The individual antenna elements are 
spaced as shown in Fig. 2 (a) to increase the physical distance 
between adjacent antenna elements and maximize the 
isolation. The antenna element design seen in Fig. 2 (b) have 
also been optimized with the dimensions presented in Table 
Ⅰ. This design is based off a folded, quarter wavelength, 
monopole antenna with a centre frequency of 3.6GHz. The 
folded geometry of the radiating arm makes the antenna 
reactively loaded [17] which ultimately controls the resonant 
frequency. The triangular stub on each antenna element is for 
wideband impedance matching. 
For the purposes of this paper each antenna element is fed 
by a respective port that is numbered the same as the antenna 
(e.g. Ant 1 is fed via port 1). The ground plane and antenna 
elements are connected directly to a 50 Ω SMA connector 
placed directly over the ground plane, hence no ground 
clearance is required. 
III. RESULTS AND DISCUSSION 
A. S-Parameters 
After fabricating the prototype using the materials and 
geometry detailed previously, testing in an anechoic chamber 
was conducted. This enabled the simulated results generated 
in CST Studios to be verified against the measured results 
obtained in testing. A side by side comparison of the protype 
with a current mobile phone can be seen in Fig. 3 (a). Rohacell 
has been used to bind the four rims and ground plane of the 
phone to a secure fixing point. This material has a dielectric 
constant of 1. A side view showing the individual antenna 
elements can also be seen in Fig. 3 (b).
 
 
 
Fig. 4 exhibits the simulated and measured results of S11, 
S12 and S18. Exciting Ant 1 and measuring the ports of Ant 1 
identifies the reflection coefficient for this antenna element. It 
shows good agreement between the measured and simulated 
results with a slight shift in centre frequency. From the 
reflection coefficient the entire operating bandwidth of 3.4-
3.8GHz has a VSWR of less than 3, with the total bandwidth 
covered by this antenna element of around 630MHz.  
By exciting Ant 1 and measuring the ports of Ants 2 and 
3- the closest antenna elements to Ant 1, the worst-case 
transmission coefficient results are obtained. The simulated 
results for the transmission coefficient are also in good 
agreement with their measured counterparts. Within the 
operating bandwidth, transmission coefficients of S12 < 
−14.75dB and S18 < −17dB are achieved. This demonstrates 
the high isolation achieved via physical separation between 
antenna elements. The coupling between adjacent antenna 
elements can be seen in Fig. 5 when Ant 1 is being excited. 
The high surface current on Ant 1 highlights the quarter 
wavelength resonance of the antenna design. In contrast Ant 2 
has a lower surface current presenting the effectiveness of 
physical separation as a method of isolation. 
 
 
 
Fig. 1. 8x8 MIMO antenna design configuration.  
 
                           (a)                                                           (b) 
Fig. 2. Dimensions of antenna array (a) antenna element locations (b)
antenna element design. 
TABLE I.  DIMENSIONS OF THE ANTENNA ELEMENTS 
Parameter a b c d e t triW triH 
Antenna 
1, 4, 5, 
8 (mm) 
17.85 15.70 5.20 2.60 3.30 1.70 3.50 3.00
Antenna 
2, 3, 6, 
7 (mm) 
17.85 15.70 5.20 2.60 4.30 1.70 3.50 3.00
          
          (a)                                                      (b) 
Fig. 3. Fabricated prototype for proposed antenna (a) 3D view (b) side view 
Fig. 4. Simulated and measured S-parameters of the proposed antenna. 
 
Fig. 5. Surface current distribution (a) Ant 1 (b) Ant 2 during excitation of 
port 1 at 3.6 GHz. 
B. MIMO Performance 
To identify how well the antenna array performs in MIMO 
communications, total efficiency and Envelope Correlation 
Coefficient (ECC) are analysed. Total efficiency is the ratio of 
the radiated to inputted power of the antenna element that is 
being excited. It measures the losses of the antenna element 
which are caused by any impedance mismatch, conductor 
losses and dielectric losses. It can be seen in Fig. 6 the antenna 
array produces high total efficiency results of 70-85.8% within 
the operating bandwidth when simulated.  
ECC is another metric that determines the effectiveness in 
a MIMO antenna design. In order for good MIMO 
communication each antenna element in the array needs to be 
suitably isolated in order for spatial multiplexing and diversity 
to operate. To test this the ECC between the least isolated 
antenna elements was simulated. Upon doing this it showed 
an ECC between all antenna elements of <0.014 within the 
operating frequency. Results of this are shown in Fig. 7. These 
are extremely low results and show the design is well suited 
for MIMO communications. 
C. Specific Absorption Rate (SAR) Modelling 
Using CST Studio, it is possible to replicate the user’s 
effect on the antenna’s performance. A Voxel model dataset 
was used to imitate human body tissue and how it is affected 
by the electromagnetic radiation when the user is holding the 
proposed antenna design. By introducing a Voxel model, 
accurate measurements of the power absorption on the head 
and hands as a result of using the phone can be predicted. The 
particular Voxel model used was Gustav. 
Fig. 8 shows the comparison of reflection and transmission 
coefficients of S22, S33 and S23 with and without the Voxel 
model included. From the user effects there has been a 
downshift in centre frequency for both antenna elements. 
Despite this, Ant 3 maintains full coverage of the bandwidth 
with Ant 2 suffering slightly greater downshift, meaning it no 
longer covers the upper 100MHz of the bandwidth. The 
transmission coefficients between Ant 2 and 3 has had some 
degradation to the isolation performance but still obtains 
desirable results of less than −13.3 dB.  
In order to satisfy the SAR requirements set out by the 
International Commission on Non-Ionising Radiation 
Protection [18] of 2.0 W/Kg for every 10g of cubical mass in 
the head and torso region at less than 6GHz, the simulation 
was performed at the centre frequency when most of the input 
power is being radiated. This ensures that even the worst-case 
scenarios are still compliant to this requirement. The 
following results were observed with an input power of 0.5W 
when the handset was placed at a separating distance of 2mm 
from both the head and hand. When simulated, the maximum 
obtained SAR results for Ants 2 and 3 were 0.697W/Kg and 
1.16W/Kg respectively. Fig. 9 displays the graphical 
measurements of the SAR analysis on the Voxel model. From 
this it can be concluded the antenna design is compliant to the 
2.0W/Kg requirement limit.  
Fig. 10 (a) and (b) show the radiation patterns around a 
Voxel model’s head when Ants 2 and 3 are excited 
respectively. A benefit of this antenna design is that when the 
phone is placed against the user, the point of highest 
directivity is never going straight through the head. Instead it 
is either directed above, below or to the sides of the head. This 
feature can be attributed to the position of the ground plane 
that screens the head and reflects the electromagnetic waves 
directed at the user. 
 
 
 
Fig. 6. Simulated total efficiency of Ant 1 and Ant 2. 
 
Fig. 7. Simulated ECC results for the closest antenna pairings.
Fig. 8. Simulated S-parameters results with and without Voxel model for 
Ant 2 and Ant 3. 
 
                          (a)                                                     (b) 
Fig. 9. Simulated SAR graphical measurements (a) Ant 2 (b) Ant 3. 
                            (a)                                                 (b) 
Fig. 10. Simulated gain pattern measurements including Voxel model (a) 
Ant 2 (b) Ant 3.
D. MIMO Antenna Comparison 
A comparison of recently proposed 5G MIMO antenna 
designs is summarized in Table II. The limitations of this 
comparison are the methods of resonating the antenna are not 
considered nor are the sizes and materials of the antenna array. 
It is intended to compare the main performance metrics used 
as the criteria for antenna designs. In comparison it shows the 
proposed design has the highest total efficiency with lowest 
ECC when compared with other 8 element MIMO designs, [4] 
is a four-element antenna design which justifies the lower 
ECC and higher isolation. With a suitable bandwidth and 
desirable isolation, the proposed design achieves good results 
across all metrics which gives it a strong footing against 
similar work and is well suited for MIMO communication.  
IV. CONCLUSION 
In this paper, an 8×8 MIMO antenna design operating in 
the 3.4-3.8GHz frequency range is presented. This is a simple, 
low profile antenna design combined with a single ground 
plane covering the entire phone base. Physical spacing is used 
as the sole isolation method and is able to yield transmission 
coefficient results of < −14.75dB. Very high total efficiencies 
of 70-85.6% were achieved, with ECC < 0.014. The 
requirement of having SAR results less than 2W/Kg were 
obtained. When compared with recent publications the design 
is a strong candidate for future mobile 5G communications.  
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TABLE II.  COMPARISON OF PROPOSED ANTENNA WITH REFERENCES
Reference 
Centre 
Frequency 
(GHz) 
Bandwidth 
(GHz) 
Isolation 
(dB) 
Total 
Efficiency 
(%) 
ECC
Proposed 3.6 3.4-3.8  
(-6dB) 
>14.7 70-86 <0.014
[2] 3.5 3.4-3.6 (-6dB) >17 50-70 <0.08
[4]a 3.5 3.3-3.6 (-6dB) >16 83-87 <0.01
[5]b 3.6 3.3-3.8 (-6dB) >11 42-65 <0.15
[7] 3.5 3.4-3.6 (-6dB) >17.1 45-62 <0.05
[8] 3.6 3.4-3.8 (-10dB) >15 50-75 <0.05
[19] 3.5 3.4-3.6 (-10dB) >17.5 62-76 <0.05
[20] 3.6 3.4-3.8 (-6dB) >10.2 65-78 <0.08
[21] 3.5 3.3-3.6 (-10dB) >10 60-75 <0.08
[22] 3.5 3.4-3.6 (-6dB) >12 30-50 <0.11
a. 4-element antenna array
b. 10-element antenna array
